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Abstract 

Layered  structure  LiNio.8Coo.2O2  cathode  material  for  lithium-ion  batteries  was  synthesized  by  sintering  the  precursor,  which  was  obtained  from 
the  corresponding  metal  acetate  solution  via  a  spray-drying  method.  The  structure,  morphology  and  reaction  mechanism  of  the  powders  were 
characterized  by  means  of  XRD,  SEM  and  TG-DTA.  The  electrochemical  properties  of  the  LiNio.sCoo.2O2  cathode  were  also  investigated  by  using 
a  coin-type  cell  containing  Li  metal  as  the  anode  in  a  potential  range  of  3. 0-4. 3  V.  Upon  sintering  the  spray-dried  powders  at  750  °C  for  24  h, 
the  LiNio.8Coo.2O2  particles  obtained  are  fine,  narrowly  distributed  and  well  crystallized.  As  a  result,  the  synthesized  LiNio.sCoo.2O2  has  excellent 
electrochemical  properties.  The  simple  synthesis  procedure  is  time  and  energy  saving,  and  thus  is  promising  for  commercial  application. 
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1.  Introduction 

Lithiated  metal  oxides,  having  the  layered  a-NaFe02  struc¬ 
ture,  have  been  extensively  studied  as  cathodes  in  rechargeable 
lithium  batteries.  Only  LiCo02  compound  has  been  widely  used 
as  a  cathode  material  in  commercial  lithium-ion  battery  produc¬ 
tion  successfully.  But  due  to  its  high  cost  and  toxicity,  many 
efforts  have  been  made  to  replace  LiCo02.  Another  attractive 
candidate  is  LiNi02  for  its  low  cost  and  its  possibility  of  a  high 
charge/discharge  capacity.  However,  LiNi02  also  has  a  few  dis¬ 
advantages  compared  to  LiCo02.  Its  major  disadvantages  are 
the  difficulty  in  preparation  so  as  to  achieve  stoichiometry  and 
poor  cycle  life  [1-4].  Now,  an  appealing  alternative  that  allevi¬ 
ates  the  disadvantages  of  both  LiCoC>2  and  LiNiC>2  is  the  solid 
solution  LiNixCoi_x02  [5,6]. 

Recently,  extensive  studies  have  been  devoted  to  fabricate 
the  LiNixCoi_x02  material  through  solid-state  processes  [7,8], 
sol-gel  methods  [9,10],  co-precipitation  routes  [11]  and  reverse- 
microemulsion  route  [12].  By  all  these  methods,  the  target 
materials  have  been  synthesized  successfully  and  exhibited  bet¬ 
ter  electrochemical  characteristics  compared  to  LiNiC>2  cathode 
material. 
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Spray-drying  method  is  an  excellent  synthetic  powder  tech¬ 
nology  [13,14].  By  this  method,  ultrafine  LiCoC>2  [15],  sub¬ 
micron  sized  LiMn2C>4  [16]  and  spherical  Lii+^VsOs  [17]  have 
previously  been  synthesized  successfully.  In  this  work,  layered 
LiNio.8Coo.2O2  powders  are  obtained  after  sintering  the  pre¬ 
cursor  prepared  by  the  spray-drying  method.  The  structure  and 
morphology  of  the  precursor  and  synthesized  LiNio.sCoo.2O2 
powders  are  investigated.  Also  the  electrochemical  properties 
of  the  layered  LiNio.sCoo.2O2  compound  as  the  positive  elec¬ 
trode  material  are  studied. 

2.  Experimental 

Stoichiometric  amounts  of  CH3C00LT2H20,  Co(CH3 
C00)2*4H20  and  Ni(CH3C00)2*4H20  were  dissolved  in  dis¬ 
tilled  water.  The  resulting  solution  was  dried  to  form  a  mixed 
dry  precursor  via  a  spray-dryer.  The  solution  was  atomized  via 
a  sprinkler  at  an  air  pressure  of  0.2  MPa,  and  was  dried  in  the 
spray-dryer  by  dry  hot  air.  The  inlet  air  temperature  was  220  °C, 
and  the  exit  air  temperature  was  110°C.  The  as-prepared  pre¬ 
cursor  was  annealed  at  500  °C  in  air  for  4  h.  Then  the  obtained 
powder  were  ground  in  an  agate  mortar  and  re-annealed  at 
750  °C  for  24  h  under  flowing  oxygen  to  obtain  the  product. 

DTA  and  TG  were  carried  out  on  an  analyzer  (TA  SQT600) 
with  a  heating  rate  of  10  °Cmin-1  in  the  temperature  range  of 
50-900  °C.  Powder  X-ray  diffraction  (XRD,  Rigaku  D/max-rA) 
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was  used  to  analyze  the  phase  of  the  sintered  powders.  The  mor¬ 
phology  of  the  powders  was  observed  with  a  field  emission  scan 
electron  microscopy  (FESEM,  FEI  SIRION  JY/T010-1996). 

A  slurry  consisting  of  the  sintered  powder  as  active  mate¬ 
rial,  conducting  agent  (acetylene  black),  and  binder  (polyvinyli- 
dene  fluoride)  was  pasted  onto  an  aluminum  foil,  with  N- 
methylpyrrolidone  (NMP)  as  the  solvent.  The  weight  ratio  of 
active  material,  conducting  agent  and  binder  was  80: 10: 10  in  the 
working  electrode.  After  drying  in  air  at  80  °C  for  4  h,  the  sheet 
was  pressed  under  a  pressure  of  20  MPa  to  provide  increased 
adherence  of  the  cathode  mixture  onto  the  aluminum  foil  cur¬ 
rent  collector.  The  weight  of  active  material  in  the  electrode  sheet 
was  about  10.0  mg  in  a  square  centimeter  of  aluminum  foil.  After 
drying  in  a  vacuum  at  120  °C  for  10  h,  the  electrodes  were  assem¬ 
bled  into  the  coin-type  cells  (CR  2025)  in  an  Ar-filled  glove 
box.  The  metallic  lithium  sheet  was  used  as  the  counter  elec¬ 
trode.  A  solution  of  50  vol.%  ethylene  carbonate  (EC),  50  vol.% 
dimethyl  carbonate  (DMC)  and  1  M  LiPF6  was  used  as  the 
electrolyte  solution,  and  a  polypropylene  (PP)  film  (Cellgard 
2300)  as  the  separator.  The  galvanostatic  charge-discharge  tests 
were  conducted  on  a  PCBT-138-8D-A  battery  program-control 
test  system  with  the  cut-off  voltages  of  3.0  and  4.3  V  (versus 
Li/Li+)  at  a  specific  current  density  of  lOmAg-1.  The  cyclic 
voltammetry  measurements  were  performed  on  a  CHI604B  elec¬ 
trochemical  workstation  at  room  temperature  with  a  scan  rate  of 
0.1  mV  s-1.  Electrochemical  impedance  spectrum  (EIS)  mea¬ 
surements  were  also  carried  out  on  this  instrument.  The  cells 
for  impedance  measurements  were  performed  on  discharged 
states  completely  and  relaxed  for  24  h  over  the  frequency-range 
100  kHz-1 .0  mHz  at  a  potentiostatic  signal  amplitude  of  10  mV. 

3.  Results  and  discussion 

TG  and  DTA  traces  by  thermal  analysis  of  the  precursor 
powders  obtained  by  spray-drying  method  are  shown  in  Fig.  1. 
Several  prominent  heat  events  (endotherms  and  exotherms)  are 
observed.  The  strong  endothermic  peak  at  about  100  °C  is  related 
to  the  release  of  water.  On  TGA  curves,  the  initial  weight  loss 
of  about  10%  is  accompanied.  During  160-300  °C,  no  apparent 


weight  loss  is  found,  but  on  DTA  curves,  small  endothermic  and 
exothermic  peaks  could  also  obviously  observed.  Maybe  in  this 
process,  the  reactions  do  not  involve  weight  loss.  Combining 
the  results  of  TG  and  DTA,  it  is  found  that  the  second  con¬ 
tinuous  weight  loss  accompanying  the  complex  endotherms  and 
exotherms  is  nearly  complete  around  500  °C,  which  accounts  for 
about  50%  of  the  initial  weight  loss  in  TG  and  corresponds  to 
three  sharp  endothermic  peaks  at  340,  360  and  420  °C.  This  step 
corresponds  to  the  decomposition  of  metal  acetate  and  the  forma¬ 
tion  of  LiNio.8Coo.2O2  gradually.  Above  500  °C,  the  weight  of 
sample  hardly  changes.  It  mainly  associates  the  LiNio.8Coo.2O2 
crystallization.  At  higher  temperature,  the  small  weight  loss 
is  due  to  the  loss  of  lithium  in  the  compound.  Therefore,  the 
selected  heating  treatment  process  is  that,  firstly,  at  relative 
low  temperature,  LiNio.sCoo.2O2  powders  are  synthesized;  sec¬ 
ondly,  good  crystallization  is  obtained  at  elevated  temperature. 

The  XRD  pattern  of  LiNio.sCoo.2O2  compounds  prepared  by 
a  spray-drying  method  following  sintering  at  750  °C  for  24  h  is 
shown  in  Fig.  2.  The  pattern  can  be  indexed  to  a  single  phase  of 
the  a-NaFe02  type  with  space  group  R3m  and  shows  very  sharp 
peaks,  indicating  a  high  degree  of  crystallinity.  The  diffraction 
peaks  show  a  clear  splitting  of  the  hexagonal  characteristic  dou¬ 
blets  (0  0  6)/(l  0  2)  and  (10  8)/(l  1  0),  indicating  that  the  product 
has  the  typical  layered  characteristic.  The  intensity  ratio  of  I 
(0  0  3)  peak  to  I  (1  0  4)  peak  is  about  1 .53  and  the  lattice  param- 

o 

eters  a-  and  c-axis  are  about  2.874  and  14.217  A,  respectively. 
So  the  c/a  ratio  is  4.95,  which  is  in  the  range  of  the  characteristic 
value  of  a-NaFeC>2  layered  structure. 

Fig.  3  shows  a  SEM  image  of  the  sample  morphology. 
The  particle  size  of  the  sample,  prepared  by  spray-drying 
method,  is  small  and  homogeneous,  which  consists  of  sub¬ 
micron  (200-300  nm)  particles  whose  crystalline  facets  are  rel¬ 
atively  well-defined.  Moreover,  it  is  obviously  observed  that  the 
conglomeration  takes  place  among  particles. 

The  electrochemical  behaviors  of  LiNio.8Coo.2O2  powders 
prepared  in  this  work  were  characterized  by  cyclic  voltammo- 
grams  with  coin  cell.  As  shown  in  Fig.  4,  the  voltage  was  scanned 
from  3.0  to  4.3  V,  and  then  backed  to  3.0  V  with  a  scan  rate  of 
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Fig.  1.  TG/DTA  curves  of  the  precursor  powder  prepared  by  spray-drying  Fig.  2.  The  XRD  pattern  of  layered  LiNio.8Coo.2O2  compound  prepared  by 
method.  spray-drying  method. 
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Fig.  3.  A  SEM  image  of  LiNi0.sCo0.2O2  powders. 


0.1  mV  s-1 .  It  is  shown  that  the  shape  of  first  cyclic  voltammo- 
grams  is  very  different  from  that  of  next  cyclic  voltammograms. 
At  the  first  cycle,  the  oxidation  peak  at  about  4.25  V  is  found, 
while  the  oxidation  peak  is  observed  at  3.90  V  at  the  next  cycles. 
Moreover,  the  corresponding  peak  current  at  the  next  cycle  is 
only  the  half  for  the  first  cycle.  However,  at  different  cycles,  all 
the  corresponding  reduction  peaks  are  found  at  about  3.6  V.  It 
indicates  that  the  lithium  insertion/extraction  in  LiNio.sCoo.2O2 
is  reversible,  and  also  the  most  irreversible  capacity  arises  in  the 
first  cycle. 

Fig.  5  shows  the  charge/discharge  profiles  of  LiNio.sCoo.2O2 
compound  prepared  by  spray-drying  method  between  3.0  and 
4.3  V  at  a  current  density  of  10  mA  g-1.  In  agreement  with  the 
CV  features,  both  of  the  charging  and  discharging  curves  of 
LiNio.8Coo.2O2  shows  only  one  voltage  plateau,  respectively, 
but  the  charge  plateau  is  higher  than  that  of  the  discharge.  As 
shown  in  Fig.  5,  the  material  exhibits  high  cyclic  reversibil¬ 
ity  with  a  limited  discharge  capacity  loss.  The  first  charge  and 
discharge  capacities  of  the  powders  are  192  and  176mAhg_1, 
respectively.  The  Coulombic  efficiency  is  91%.  It  is  found  that 
the  discharge  capacities  increase  slightly  in  the  initial  stage  and 
reaches  a  steady  state  after  the  fifth  cycle,  which  is  the  high¬ 


Fig.  4.  Cyclic  voltammogram  for  LiNio.sCoo.2O2  electrode  with  a  scan  rate  of 
0.1  mV  s_1. 


Fig.  5.  First  charge  and  the  next  discharge  curves  of  LiNio.sCoo.2O2  electrode 
within  the  voltage  range  3. 0-4. 3  V.  The  inset  shows  the  corresponding  cycling 
stability. 


est  discharge  capacity  of  180mAhg_1,  probably  because  the 
LiNio.8Coo.2O2  powders  in  the  cathodes  are  not  thoroughly  wet¬ 
ted  at  the  first  cycle.  Once  the  intercalation  and  de-intercalation 
process  start,  the  volume  of  the  composite  cathode  begin  to 
expand  and  shrink,  enabling  the  electrolyte  to  wet  the  powders 
more  thoroughly.  After  5  cycles,  the  discharge  capacity  fades 
gradually.  Till  20  cycles,  the  capacity  still  keeps  a  high  value  of 
172mAhg_1. 

To  investigate  the  electrode  resistance  changes  during  the 
cycle  process,  EIS  tests  were  carried  out  and  the  Nyquist  plots 
collected  after  the  electrodes  had  undergone  the  desired  cycles. 
The  Nyquist  plot  evolutions  are  indicated  in  Fig.  6.  Each  of 
the  impedance  spectra  includes  three  parts:  a  semicircle  at  the 
high  frequencies  reflects  the  resistance  for  Li+  ion  migration 
through  the  surface  film  and  film  capacitance;  another  semicircle 
at  medium  to  low  frequencies  reflects  charge-transfer  resistance 
and  interfacial  capacitance  between  the  electrodes  and  elec¬ 
trolyte;  and  the  sloping  line  at  very  low  frequencies  reflects  Li+ 
ion  diffusion  in  the  solid  state  electrodes  [18].  From  Fig.  6,  it 
is  obvious  that  the  diameter  of  the  second  semicircle  is  much 


Fig.  6.  Nyqusit  plots  of  LiNio.sCoo.2O2  electrodes  after  different  cycles. 
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larger  than  that  of  the  first  one,  indicating  that  the  charge-transfer 
resistance  and  interfacial  capacitance  between  the  electrodes 
and  electrolyte  is  the  major  contributor  to  the  total  electrode 
resistance.  It  is  clear  from  this  figure  that  a  pronounced  differ¬ 
ence  appears  after  different  cycles  about  the  second  semicircle. 
The  diameter  of  second  semicircle  diminishes  gradually.  After 
5  cycles,  the  diameter  of  that  becomes  the  smallest,  which  can 
be  understood  that  the  discharge  capacity  reaches  the  highest. 
With  increasing  cycle  number,  the  diameter  enlarges  drastically. 
At  the  20th  cycle,  as  indicated  in  Fig.  6,  the  diameter  of  the 
semicircle  is  larger  than  that  of  the  first  cycle,  which  may  be  the 
reason  for  the  discharge  capacity  fading. 

4.  Conclusion 

LiNio.8Coo.2O2  powders  were  prepared  by  a  spray-drying 
method  and  studied  as  the  cathode  material  for  lithium  ion  bat¬ 
teries.  The  material  was  obtained  by  re-annealing  the  powders 
in  oxygen  after  annealing  the  precursor  in  air.  The  sub-micro 
size  products  had  a  layered  structure.  At  room  temperature,  the 
material  delivered  a  capacity  of  176mAhg_1  at  the  first  cycle 
in  the  charge/discharge  voltage  range  of  3. 0-4. 3  V.  During  the 
charge  and  discharge  process,  the  discharge  capacity  increased 
slightly  in  the  initial  stage.  After  reached  the  highest  capacity 
at  the  fifth  cycle,  the  capacity  faded  gradually.  At  20  cycles,  the 
capacity  sustained  a  value  of  172  mAh  g_1 . 
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